The aim of this review is to summarize the information currently available regarding the occurrence of apoptosis in the developing embryo and in the receptive uterus during the peri-implantation period of gestation. Cell death is detected in the inner cell mass of late pre-implantation embryos as the result of an eliminative process that helps trim the embryonic cell lineages of surplus or dysfunctional stem cells. Cell death is also detected in the epiblastic core of early postimplantation embryos, where the process is implicated in the formation of the pro-amniotic cavity. On the maternal side, uterine epithelial cells situated around the attachment site undergo cell death during the initial phase of implantation in order to facilitate embryo anchorage and access to maternal blood supply. Uterine stromal cells closest to the implantation chamber first transform into decidual cells and then commit suicide to make room for the rapidly growing embryo. Although apoptosis is well recognized as a crucial determinant of successful peri-implantation development, our understanding of the cellular and molecular mechanisms regulating this process clearly lags behind the comprehension of cell death control in other systems.
Introduction
Based upon observations first reported in the middle of the 19th century 1 and substantially expanded in more recent years, 2 the term`programmed cell death' has been proposed to indicate the elimination of specific cells at pre-determined locations and times. The descriptive collection of morphological and biochemical features displayed by cells undergoing elimination was termed`apoptosis' 3 and the predictability of this process was initially viewed as resulting from the operation of an autonomous cell suicide machinery under the control of an intrinsic biological clock. Although the targeted cells appear to self-destruct from within, it is now increasingly recognized that the cascade of intra-cellular events that lead to cell elimination rarely occurs in a strictly endogenous context. 4 In most situations indeed, cell suicide is open to modulation by a variety of extra-cellular determinants such as the exposure to death-activating signals or the withdrawal of survival-promoting factors.
Numerous review articles have been published on the occurrence of cell death during both early and late organogenesis 5, 6 and on its role in the regulation of ovarian and endometrial regression. 7 ± 9 The present review article is an attempt to summarize our current knowledge of the incidence of cell death in the embryo and in the uterus during a less intensively studied phase of the reproductive process: the peri-implantation period. The first part of the paper will summarize the general sequence of events unfolding in laboratory mice and rats during the periimplantation phase of gestation. The second part will describe the available evidence indicating that cell suicide occurs in peri-implantation embryos and how this process might be regulated. The third part will review the studies describing the occurrence of cell death in the uterine region that surrounds the implanted embryo and what is known about the control of this process. In many instances, short descriptions of how cell death was identified or quantitated are given in order to emphasize the extreme variability of the criteria that were used to characterize this cellular event.
An overview of the peri-implantation period of development in mice and rats
The earliest morphogenetic event to occur during the initial phase of embryogenesis is the compaction of the cleaving blastomeres into a coherent mass of cells (morula stage). This morphological step is then followed by the formation of a central cavity (blastocoele) within the embryo and the partitioning of the blastomeres between two distinct cell lineages: the inner cell mass (ICM or embryoblast) and the trophectoderm (TE). Cells in the ICM soon begin to differentiate into an outer layer of primitive endoderm (hypoblast) surrounding an inner core of primitive ectoderm (epiblast). TE cells directly adjacent to the ICM form the polar TE while those lining the blastocoele produce the mural TE. As the blastocoelic cavity continues to expand within the blastocyst, the embryo itself hatches from the zona pellucida, becomes positioned near the end of an antimesometrial uterine indentation and begins to adhere by its abembryonic pole to the receptive uterine lining (Figure 1) . Orientation of the blastocyst during initial attachment to the mouse and rat uterine wall has the ICM facing the mesometrial aspect of the uterus. While the mural TE cells initiates its differentiation into primary giant trophoblasts, ICM cells and polar TE cells combine into a cylindrical structure (egg cylinder) containing a core of embryonic ectoderm and extra-embryonic ectoderm that is surrounded by an outer layer of primitive endoderm. This latter population of peripheral cells then differentiate into the extra-embryonic parietal and visceral endoderms which will contribute structural elements to the yolk sac later in embryogenesis. Polar TE cells also develop into ectoplacental cone cells and secondary giant trophoblasts. Shortly after implantation is completed, a pro-amniotic cavity develops within the epiblast. Gastrulation begins soon thereafter with the appearance of the primitive streak which forms in a region of the epiblast adjacent to the embryonic/ extra-embryonic junction.
At the same time as these embryological events occur, the uterine lumen around the implanted embryo progressively closes and an intense edema soon develops in the endometrial zone surrounding the site of nidation. Implantation triggers a sequence of organizational and functional changes in the resident fibroblast-like cells of the stromal area that is directly adjacent to each embryo. The subepithelial region, which is being transformed into a narrow avascular layer known as the primary decidua, is then rapidly penetrated by secondary giant trophoblasts. These cells invade the uterine tissue until they reach maternal blood vessels in the antimesometrial region and create a primitive irrigation system in the vicinity of the embryo. Concomitantly, important modifications occur in the range of inter-cellular junctions established between decidual cells as well as in the composition and structure of the extracellular matrix, translating into a profound re-modeling of the peri-implantation zone. The primary decidua becomes progressively surrounded by a secondary decidual layer which proceeds gradually from the antimesometrial center to the mesometrial pole. As the process of decidualization continues, a cross-section view through a typical implantation site reveals four distinct zones which comprise, along a bottom-up axis, a decidual crypt, an antimesometrial chamber containing the embryo, a mesometrial chamber (the anticipated site of chorio-allantoic placenta formation) and a remnant of the uterine lumen. The decidualized region located on the mesometrial side of the uterus, which is called the decidua basalis, will persist throughout gestation.
Cell death in the peri-implantation embryo Cell death at the blastocyst stage
The first indication that cell death occurs in the mouse blastocyst as it prepares for its implantation was based on the observation of numerous basophilic bodies predominantly located in ICM cells. 10 At the time, these initial observations were incorrectly interpreted as signaling the degeneration of invasive ICM cells migrating into the uterine epithelium 11 or, inversely, the phagocytosis of uterine epithelial cells by trophoblasts. 12 Based on the detection of large vesicles filled with lysosomal acid phosphatase, subsequent studies confirmed the degeneration of a limited number of cells in the ICM of mouse blastocysts. 13 More sophisticated experiments based on electron microscopy revealed that these ICM dead cells were characterized by a combination of nuclear pyknosis (condensation of the chromatin and the loss of nuclear membrane) and cytoplasmic changes (swelling of the endoplasmic reticulum).
14 Other studies, based on the reconstruction of serially sectioned mouse blastocysts, corroborated the confinement of dead cells to the ICM and extended beyond the previous findings by showing that the occurrence of cell death in the ICM lineage was a transient event (cells were classified as dead when their nucleus was either condensed or divided in several dense chromatin bodies). 15 Maximal cell death incidence was found to coincide with the initiation of the differentiation process into primitive ectoderm and endoderm layers. That observation was confirmed in another study in which mouse embryos were collected at intervals during the blastocyst period. Dead cells Apoptosis at time of embryo implantation S Pampfer and I Donnay (about 8% at peak level) in that report were those with a nucleus disintegrated into a cluster of highly fluorescent fragments and a plasma membrane still able to exclude a living cell impermeant dye (propidium iodide). 16 The realization that limited cell suicide occurs during early embryo growth takes on broader significance with the observation that its frequency can increase under certain conditions. There is now growing evidence that such a situation may exist in vivo when the uterine environment is altered by maternal diabetes. Using nuclear fragmentation within intact cell membranes as a marker, a fourfold increase has been detected in the incidence of cell death in the ICM lineage of blastocysts recovered from diabetic rats. 17, 18 Blastocysts from diabetic rats 19 and mice 20 also contain a higher proportion of cells with nuclear chromatin degradation, as revealed by TUNEL staining. Excess cell death in these blastocysts was corrected by achieving maternal normoglycemia through insulin administration.
20,21
Maintaining embryos under standard culture conditions can also produce a situation conducive to excessive cell death in blastocysts. Based on the scoring of cells whose nucleus exhibited intense fluorescence staining due to chromatin condensation, the incidence of cell death was found to be twice as high in mouse blastocysts fertilized and cultured in vitro than in blastocysts conceived in vivo.
22 Many (but not all) of the condensed nuclei contained highly degraded chromatin material, as revealed by TUNEL staining. In other experiments, the incidence of cell death (presence of a fragmented nucleus within a propidium iodide-repulsive cell membrane or positive TUNEL staining) was threefold higher in mouse blastocysts cultured from the two-cell stage onwards compared to blastocysts grown in vivo.
23
This increase occurred predominantly in the cells of the ICM lineage. Supplementation of the incubation medium with TGF-a resulted in a partial prevention of cell death, suggesting in combination with the detection of TGF-a mRNA and protein synthesis in the uterus at the time of implantation 24,25 as well as in the blastocysts themselves 26,27 that TGF-a may be a survival factor in utero. Further support for that proposal was recently provided by observations that TGF-a-null blastocysts featured a twofold higher incidence of cell death in their ICM compared with wild-type blastocysts. 28 If some of the growth factors and cytokines secreted by the cells lining the reproductive tract and/or by the growing embryos act as survival factors, other effectors of this type should be expected to exert the opposite effect. Data are available suggesting that TNF-a may function as one of these negative regulators. TNF-a synthesis has been confirmed at both mRNA 29 and protein 30 levels in rat uterine epithelial cells at the time of implantation and rat blastocysts express one of the two TNF-a receptor isoforms. 31 Maintaining rat blastocysts in a culture medium supplemented with TNF-a increased the incidence of TUNEL-positive nuclei, but not the frequency of nuclear fragmentation, in the ICM cells of these embryos compared to control embryos. 19 The intriguing observation that chromatin degradation may be induced by TNF-a without triggering a concomitant increase in nuclear fragmentation was confirmed in mouse embryonic stem cells exposed to the same cytokine, 32 suggesting that these two nuclear events can be activated independently in embryonic cells. In mouse blastocysts, exposure to TNF-a caused a substantial loss of cells in the ICM lineage 33 and increased the rate of fetal resorption after transfer into recipient mice. 34 Collectively, the TGF-a and TNF-a data thus clearly suggest that external signals can influence the proportion of cells that are eliminated from the ICM lineage. An interesting question is whether intra-cellular death effectors are constitutively expressed in blastocysts. Recent experiments have demonstrated that following exposure to a combination of protein kinase inhibitor staurosporine and protein synthesis inhibitor cycloheximide, a high proportion of mouse blastocyst cells contained a fragmented nucleus surrounded by an impermeable cell membrane 35 or a TUNEL-positive nucleus. 35 These results suggest that rendering the blastocyst irresponsive to extra-cellular and intra-cellular survival signals by means of biochemical inhibitors may unlock constitutively expressed (but normally restrained) death effectors. More exploratory work remains to be done, however, before conclusions about this aspect of cell death regulation are considered secure.
The apparent randomness of cell suicide within the ICM lineage makes it unlikely that this eliminative process serves a morphogenetic function. The alternative hypothesis is that cell death allows for the deletion of a minority of cells with redundant or deleterious potential. This concept is based on past studies that involved two murine embryonal carcinoma cell lines with distinct differentiation potential. Initial experiments indicated that injecting ECa 247 cells into the cavity of giant trophoblast vesicles (thus exposing these cells to blastocoele-like fluid) resulted in their rapid killing whereas similarly injected P19 cells were found to survive and proliferate. 36 Because ECa 247 cells have a trophectoderm potential whereas P19 cells have an embryonic potential, the differential killing effect was interpreted as an indication that ICM cells with the potential to form TE derivatives are deleted from late blastocysts. Subsequent investigations suggested that free radicals produced by the oxidation of polyamines may function as mediators of the toxic activity accumulated in the blastocoele-like fluid 37 and that a deficiency in glutathione-dependent resistance to peroxides may mark ICM cells with trophectodermal potential for elimination. 38 Unfortunately, the highly modelized conditions used in these experiments did not allow for a conclusive statement about the purpose of cell suicide in blastocysts. Preliminary data obtained in our laboratory seem to confirm, however, that oxidative stress may be implicated in this process since exposing rat blastocysts to the anti-oxidant Nacetylcysteine in vitro elicited a dose-dependent reduction in the frequency of cell death (nuclear fragmentation within an intact plasma membrane) in the ICM lineage ( Figure 2 ).
Cell death in the early post-implantation embryo
At the time the blastocyst engages into the process of implantation, cells in the ICM begin to differentiate into a central core of primitive ectoderm separated from the blastocoele cavity by a layer of primitive endoderm. A central Apoptosis at time of embryo implantation S Pampfer and I Donnay lumen (the pro-amniotic cavity) then appears in the ectodermic core. The resulting embryonic configuration is an empty structure surrounded by a single layer of ectoderm, itself covered by a single layer of endoderm. Examination of histological sections of both mouse and rat implanting blastocysts revealed the presence of dead cells (nuclear condensation and irregular cell shape) in the nascent cavity, 39 suggesting that pro-amniotic cavitation proceeds by cell deletion within the ectoderm. Dead cells or cell fragments with pyknotic nuclei were also observed in the cavity of embryoid bodies formed within aggregates of embryonal carcinoma cells. 40 Furthermore, internucleosomal DNA fragmentation was detected by electrophoretic analysis in cavitating embryoid bodies. Additional experiments involving the construction of chimeric structures by combining different embryonal carcinoma cell lines and primitive endoderm cell lines demonstrated that pro-amniotic cavitation results from the interplay of conflicting signals. 39 According to the data, a first signal (originating from the visceral endoderm) induces the elimination of the innermost ectoderm cells whereas a second signal (depending on interactions with the basement membrane between the ectoderm and endoderm layers) prevents the deletion of the outermost ectoderm cells. Thus, in contrast to the situation described in the ICM of preimplantation blastocysts, occurrence of cell death in the epiblast of the implanting embryo is clearly associated with a defined morphogenetic event. The nature of the signals controlling the formation of the pro-amniotic cavity remains to be identified. Interestingly, evidence of limited random cell death (cytoplasmic condensation, nuclear pyknosis and TUNEL staining) is again described slightly later in the primitive embryonic ectoderm layer of the pre-gastrulating embryo 41, 42 and in the peripheral cells of the ecto-placental cone. 2 This scattered distribution of dead cells across the epiblast shifts progressively towards the distal anterior region as the embryo engages into the process of gastrulation. In contrast, cell deletion is only very occasionally detected in the nascent mesoderm 41, 43 and no indication of cell death at all is found in the axial visceral endoderm at the same developmental stage.
42,44

Molecular mechanisms of cell death in the embryo
The assumption that cell elimination in implanting embryos results from the activation of a genetically controlled program implies that the expression of genes associated with the cell suicide pathway should be detected at that developmental stage. Although more than 15 different members of the Bcl-2 protein family have been identified so far, 45 our current knowledge of their expression in mouse blastocysts is limited to the detection of transcripts encoding the anti-apoptotic effector Bcl-2 and the pro-apoptotic effector Bax. 35 Transcription of the Bcl-2 gene is also detected at both mRNA and protein levels in rat blastocysts ( Figure 3 ). Compared with control embryos, increased Bax mRNA and protein levels have been measured in blastocysts from diabetic mice or following incubation in high glucose, suggesting the sensitivity of Bax expression to extra-embryonic influences. 20 Little is known about the embryonic expression of the multiple members of the caspase family of cysteine proteases that are responsible for initiating and operating the disassembly of structural components in dying cells. 46 Screening mouse blastocysts for caspase transcripts has revealed the expression of caspase-2 and caspase-3, but not caspase-1. 35 Mouse blastocysts also contain high levels of transcripts for the growth arrest-specific gene 6 (gas6).
47 Gas6 transcription is stimulated in F9 embryonal carcinoma cells upon their culture in amino acid-deficient medium 48 and previous studies have shown that gas6 proteins operate as divalent ligand between phosphatidylserine residues and cells expressing gas6-specific receptors. 49 Because the translocation of internal phosphatidylserine residues to the cellular surface functions as a tag that signals apoptotic cells for removal by scavenger cells, 50 it is possible that gas6 synthesis may be associated with the elimination of dead cells in blastocysts. In that respect, gas6 expression may be correlated with the detection of transcripts encoding clusterin, another scavenger of cellular debris, in rat blastocysts. 19 Blastocysts recovered from diabetic rats or cultured in high concentrations of glucose were found to contain higher levels of clusterin transcripts than control embryos, suggesting that more embryonic cells require elimination during the exposure to high glucose. In contrast to clusterin receptors, whose expression is restricted to the peripheral cells of the TE in mouse and rat embryos, 51 the presence of gas6-specific receptors has not been documented at the blastocyst stage. Another interesting gene whose transcription has been detected in mouse blastocysts 47 and in amino acid-deprived F9 embryonal carcinoma cells 48 is the growth arrest and DNA damage-inducible gene 153 (gadd153). Previous experiments have shown that the gadd153 gene product, which is up-regulated by peroxide-mediated oxidative stress and by ceramide, 52 acts along a still unknown signaling cascade that leads to cell death. 53 An indirect way to determine the relevance of apoptosisassociated genes during the peri-implantation phase is to test whether their deletion impairs early embryo development. An overview of the knockout mice already reported for four members of the Bcl-2 family and six different caspases reveals that none of these effectors (at least on an individual basis) is required for normal peri-implantation development (Table 1 ). An explanation for this absence of Figure 3 Expression of Bcl-2 in rat blastocysts. (A) Total RNA was extracted from freshly collected blastocysts (BL (0 h)) and from 24-h cultured blastocysts (BI (24 h)) and retro-transcribed with polydT primers and MMLV reverse transcriptase before thermal cycling amplification with two Bcl-2-specific primers and Taq polymerase. An amplicon was detected at the expected DNA size (bp) by gel electrophoresis. Positive control reaction was performed on rat ovary cDNA (OV). Negative control reaction was carried out without cDNA input (NG). (B) In situ hybridization was performed on a blastocyst using a biotinylated antisense probe specific for rat Bcl-2 mRNA. Revelation of the hybridization signal was carried out by means of a peroxidase-dependent color reaction. Counter-stain of the cell nuclei was performed with a DNA fluorochrome. Bcl-2 mRNA expression appeared as a cluster of dark dots in the cytoplasm of positive cells (arrow) (scale bar=10 mm). Analysis of 30 blastocysts showed that only a very limited number of cells were strongly positive (1.4+0.3% of total cell number per blastocyst). Repeated control reactions with the corresponding sense probe produced no labeling (data not shown). (C) Immunocytochemical analysis was performed on a blastocyst using a primary rabbit polyclonal antibody raised against the rat Bcl-2 protein and a secondary goat anti-rabbit IgG antibody coupled with fluorescein. Examination was performed by confocal laser microscopy (scale bar=17 mm). Analysis of 14 blastocysts showed that almost all the TE and ICM cells were weakly stained for Bcl-2 and that strong positive immunostaining (arrow) was restricted to a very limited number of cells, in support of the in situ hybridization observations. Control experiments without fluorescein-conjugated secondary antibody or with non-immune rabbit IgG substituted for the primary antibody demonstrated that both autofluorescence and non-specific background signals were negligible (data not shown) early phenotype is that the existence of multiple members in the Bcl-2 and caspase families creates high redundancy in the cell death pathway(s) so that the loss of any one member would not impact significantly on the ability of the null embryos to reach the late organogenesis phase. Alternatively, the dependence of developmentally-relevant apoptotic pathways on effectors of the Bcl-2 and caspase protein families may be transiently low or null in early embryonic cells. In keeping with the above observations, mouse embryos deficient in Apaf-1, an apoptotic mediator acting downstream of Bcl-2 and upstream of caspase-9 and caspase-3, were found to develop normally up to pregnancy day 12.
73,74 Apaf-1 is expressed in normal mouse embryonic stem cells, suggesting that the Apaf-1 gene may be already active at the blastocyst stage. Interestingly, Apaf-1-null embryonic stem cells are completely resistant to several pro-apoptotic stimuli in contrast to normal cells. 74 Genomic deletion of various members of the NF-kB family, whose role in the regulation of apoptosis is now well documented, 75 also fail to induce embryolethality around the time of implantation (Table 1) . Transcripts for NF-kB were detected in mouse embryonic stem cells, however, suggesting that these effectors may be active in early embryonic regulation. 76 The tumor suppressor p53, 77 which can trigger apoptosis in certain cell types upon exposure to cellular stress, was also found to be dispensable for early embryonic development. 78 Interestingly, undifferentiated embryonic stem cells produce high levels of p53 protein and their differentiation in vitro is accompanied by both a reduction in overall p53 content and a conformational change into a less functional isoform that render them more resistant to cell death induction. 79 This correlation between undifferentiated cell status, high p53 expression and high sensitivity to cell killing was exemplified in a recent study showing that numerous malformed fetuses were generated from p53-null embryos when exposed to X-rays at the blastocyst stage. 80 It is assumed that embryos deficient for p53 are more prone to abnormalities due to their inability to eliminate X-raydamaged cells. Conversely, mouse embryos lacking the mouse-double-minute-2 (MDM2) gene whose protein is a negative regulator of p53 81 were found to die shortly after implantation. 82, 83 Abnormally low numbers of cells were detected in the ectoderm layer of MDM2 7/7 egg cylinder embryos, probably because the lack of p53 down-regulation led to dominant cell arrest and/or cell death. No experiment was carried out, however, to visualize the occurrence of cell death in MDM2 7/7 pre-gastrulating embryos. Interestingly, the disruption of several genes whose functions are not directly related to apoptosis results in increased cell death in implanting blastocysts. Although it would be beyond the scope of this paper to review and comment on all these knock-outs, the following examples have been selected as particularly interesting. Mouse blastocysts lacking the gene coding for the extra-cellular matrix receptor integrin-b1 were found to initiate the differentiation of the trophectoderm cells but were unable to form primitive endoderm derivatives at the blastocoelic surface of their inner cell mass. 84, 85 Those very few cells that manage to differentiate into endoderm at the periphery of the inner cell mass displayed signs of nuclear pyknosis. In keeping with these observations, extensive cell degeneration was found in cultures of integrin-b1 7/7 embryonic stem cells upon induction of differentiation in vitro. The second knock-out relates to mouse embryos made deficient for the hepatocyte nuclear factor-4 (HNF-4) gene. Early post-implantation embryos without HNF-4 were significantly delayed in the formation of the mesodermal derivatives between the embryonic ectoderm and endoderm layers of the cell cylinder. 86 Cells containing a pyknotic nucleus or stained positive by the TUNEL technique were abundant in the embryonic ectoderm of HNF-4 null embryos, especially in the posterior region from which mesoderm arises during gastrulation. Nuclear pyknosis and TUNEL identification were also detected in the same distal portion of the embryonic ectoderm of embryos lacking the gene encoding huntingtin, the mouse homologue of the Huntington disease (HDD) gene. 87 In both HNF-4 and HDD 7/7 mutants, excessive cell death in the pre-gastrulating distal epiblast leads to a profound disruption of mesodermal formation and Apoptosis at time of embryo implantation S Pampfer and I Donnay to rapid embryonic demise. Embryo degeneration is probably due to the failure of visceral endoderm and extra-embryonic mesoderm to join in the yolk sac and to provide nutritive support to the conceptus. In support of this hypothesis, normal pre-gastrulating embryos cultured in a medium with a reduced concentration of glucose showed markedly increased levels of cell death in the distal epiblastic region. 42 Other interesting mutants were those generated by deleting the Ref-1 gene (whose corresponding protein is involved in the repair of apurinic/apyrimidic DNA damages), and the Rad51 gene (whose product participates in DNA recombinational repair). In both cases, excessive cell death was observed in the region of the presumptive amniotic cavity. 88, 89 Cell death in the uterus Cell death in the uterine epithelium
The observation that luminal epithelial cells facing the mural trophoblasts appear to detach from their basal lamina during the phase of apposition has been reported a long time ago in the rat 90 and in the mouse. 91, 92 The immediate consequence of this exfoliation process is that the trophoblasts come in direct contact with the residual basement membrane. The loss of the epithelial lining continues anti-mesometrically beneath the implantation site and then progressively extends mesometrically (Figure 1 ). Early descriptions based on electron microscopy have demonstrated that degenerating epithelial cells located along the lateral margins of the implantation sites round up and show moderate signs of alterations in their cytoplasmic organelles and nucleus. 90 Cellular debris can be seen in the residual uterine lumen but most degenerated cells seem to be promptly engulfed and removed by trophoblasts. Additional observations based on a combination of light and electron microscopy have revealed a three-phase sequence in the anti-mesometrial area of the mouse uterus. 93 First, a small number of individual epithelial cells begin to display signs of nuclear deterioration (chromatopyknosis) while viable epithelial cells containing dense acid phosphatase-rich lysosomal vacuoles appear next to these isolated degenerating cells. Degeneration then extends to the whole anti-mesometrial lining with most epithelial cells containing cytoplasmic bodies identified as autophagic vacuoles (autophagosomes). Swelling of endoplasmic reticulum and golgi vesicles, accumulation of chromatin along the nuclear margins and nuclear fragmentation are then observed when these cells reach an advanced stage of degeneration. 93 Subsequent analysis of rat implantation sites confirmed the pattern of cellular shrinkage and chromatin alterations. 94 Decidual cells adjacent to rat implantation chambers are also strongly positive for tissue transglutaminase, an enzyme catalyzing cross-linking reactions and whose activation is associated with apoptosis. 95 Investigations in the mouse 96 and in the rat 97 confirmed the digestion of displaced epithelial cells by nearby trophoblasts. When histological sections through rat implantation sites are analyzed for acid phosphatase activity, however, highest levels of this marker of phagocytosis are found in decidual cells, 95 suggesting that both trophoblast and decidual cell types are likely to participate in the elimination of dying cells from the regressing area. Trophoblast phagocytosis begins after the epithelial cells have undergone considerable degradation, suggesting that the breakdown of the epithelium is primarily the result of an internal autolytic mechanism. Epithelial cell elimination at the time of implantation is inhibited when pregnant mice are treated with actinomycin-D, an inhibitor of mRNA synthesis. 98 As gestation advances, epithelial degeneration extends to the mesometrial side of the implantation chamber. In contrast to the degenerating epithelial cells in the antimesometrial region, the second wave of cell death is characterized by the sloughing of large sheets of adherent cells into the residual uterine lumen. Features such as the condensation of chromatin along the nuclear margins, the disruption of the nuclear and plasma membranes and the extensive destruction of most cytoplasmic organelles were observed in these mesometrial epithelial cells. 99 Cell death in the mesometrial zone is initiated long before trophoblasts have expanded enough to reach that area of the implantation site. The final phase of epithelial cell death occurs in the lining of the remaining uterine lumen. This wave of cell death is coincident with the invasion of the surrounding sub-epithelial stroma by large numbers of bone marrow-derived granulated metrial gland cells which are then coming in contact with the basement membrane. Electron microscopic images indicate that peri-luminal degenerating cells were of two different types : with intact organelles (mitochondria) and chromatin condensation without nuclear fragmentation or with intact organelles and nuclear fragmentation. 100 
Cell death in the uterine decidua
In order to accommodate the expansion of the placental unit, a process of decidual involution soon follows the phase of stromal transformation that has produced the primary and secondary decidual zones. In the mouse, small decidual cells with pyknotic nuclei are first detected in the internal decidual layer close to the trophoblasts. 101 Involution then progresses towards the periphery as the number of dying cells (nuclear chromatin aggregation and mitochondrial distension) increases. 102 In the rat, cell degeneration also appears in the area immediately adjacent to the embryo 103 and then spread throughout the anti-mesometrial zone. 104 Examination by electron microscopy showed that deteriorating decidual cells were apparently engaged in autolytic activity and that their elimination was facilitated by trophoblastic phagocytosis. 102 Instances of decidual cells being sloughed into the rat uterine lumen were also reported. 104 Chromatin degradation in the anti-mesometrial region in pregnant mice was recently confirmed by TUNEL staining. 105 
Mechanisms of cell death in the uterus
The view that cell elimination in the luminal epithelium surrounding the implantation chamber and in the antimesometrial aspect of the mature decidua results from the activation of an intrinsic cellular pathway has been primarily established upon the fact that these two events also occur in Apoptosis at time of embryo implantation S Pampfer and I Donnay the pseudo-pregnant uterus. It has long been recognized that, following adequate priming of the uterine tissues with ovarian steroids, a stromal reaction can be induced artificially in the absence of an embryo. 106 This response elicits the formation of a deciduomata that is very similar (albeit not identical 107 ) to true decidua. Extensive observations based on this model have confirmed that the pseudo-decidual reaction is followed by the involution of the anti-mesometrial region 108 and preceded by the degradation of the luminal epithelium (in the rat, 109 in the mouse 110, 111 ). Epithelial cells in the antimesometrial zone seem to detach progressively from the basal lamina and show clear signs of degradation (condensation and margination of the nuclear chromatin and dilation of the endoplasmic reticulum) which resemble those detected during normal implantation. 111 Recent studies based on the visualization of nucleosomal DNA fragmentation support this concept. 112 A second line of evidence pointing towards the existence of an innate cell death program activated around the implantation site in that the removal of the epithelial cells bordering the mesometrial region is induced before physical interactions are established with the embryonic trophoblasts. 99 The notion that uterine cell death represents the terminal step of an autonomous cell differentiation process associated with decidualization does not preclude that interactions with certain cellular components of the implantation chamber may be required. Although trophoblasts are not directly cytotoxic on epithelial and decidual cells, their capacity to engulf and phagocyte cellular debris in the peri-implantation area has been demonstrated. Moreover, trophoblast processes have been shown to penetrate between uterine epithelial cells and to extend along the basal lamina, 113 ± 115 an activity contributing to the dislodgement of the epithelium. Interestingly, sub-epithelial decidual cells seem also capable of sending processes through the basal lamina 116 and migrating granulated cells have been shown to displace epithelial cells in the mesometrial extremity of the implantation chamber. 100 Since the retention of interactions with the underlying basement membrane is crucial for the survival of epithelial cells, 117 physical lifting of this cell layer by trophoblasts and other uterine cell types may be directly implicated in the induction of cell death in the epithelial layer.
Production of urokinase-type plasminogen activator 118 and metalloproteinase-9 119 has been detected in mouse primary giant trophoblasts at the onset of implantation as well as in ectoplacental cone cells later in development. Analysis of the proteolytic products of trophoblasts from mouse blastocysts demonstrated that both urokinase-type plasminogen 120 and metalloproteinase-9 121 activities can be modulated by exposing the embryos to various growth factors or extra-cellular matrix components. Recent experiments based on the co-culture of uterine epithelial cells with mouse blastocysts suggest that spreading trophoblasts are able to induce the detachment of the epithelial layer, probably by causing the degradation of the underlying matrix. 122 Examination of primary decidual tissues, on the other hand, showed that invading trophoblasts are surrounded by maternal cells expressing high levels of plasminogen activator inhibitor-1 123 and tissue inhibitor of metalloproteinase-3. 105 Interestingly, stromal cells in deciduomata were also found to express these two inhibitors despite the absence of invading trophoblasts. In addition, it is not excluded that decidual cells may participate in the dramatic alterations of the extra-cellular matrix since metalloproteinase activity is detected in mouse deciduomata. 105 Other observations indicate that the wave of apoptosis that extends throughout the mature decidua is preceded by a marked declined in the production of the tissue inhibitor of metalloproteinase-3 by the targeted cells. 105 It is therefore tempting to speculate that decidual cell death may also occur as a consequence of extracellular matrix deprivation. The extreme scarcity of collagenous material in the degenerating decidua capsularis indeed contrasts with the abundant extra-cellular matrix accumulated in the outermost layer of undifferentiated stromal cells. 104 In accord with the above findings, immunocytochemical analysis of cathepsin-D, an endopeptidase involved in intra-cellular protein degradation, showed that expression of this enzyme peaks at a time coincident with the highest level of epithelial degeneration. 112 Later in the implantation process, increased expression of cathepsin-D parallels the induction in DNA degradation in regressing decidual cells. Other cysteine proteinases, such as cathepsin-B, also increase in decidual tissues at the start of the regressive process. 124 In addition, the scavenger of tissue debris clusterin has been found to be expressed at both mRNA and protein levels in luminal epithelial cells somewhat distal to the locations where mouse blastocysts are implanting 125 as well as in early decidualized stromal cells. 126 In these uterine cell populations, clusterin synthesis was often associated with nuclear pyknosis. 127 Cell deletion in the uterine epithelium has also been correlated with alterations in cell-to-cell contacts. Expression of the adhesion molecule E-cadherin, for instance, has been described around implantation sites in pregnant mice 128 and more precisely at the interface between epithelial cells and trophectoderm cells during primary attachment. 129 Analysis of E-cadherin expression in uterine sections collected at different intervals throughout the implantation period has shown a progressive decrease in the basal and lateral E-cadherin staining pattern in epithelial cells. 130 Considering the role played by steroid hormones (or rather the withdrawal thereof) in the modulation of cell death in many cell systems, 131 it is surprising that so little attention has been devoted so far to the study of the implication of hormonal signals in the induction of epithelial and decidual regression. 132 Implantation and decidualization only succeed when pre-ovulatory estrogen, luteal progesterone and nidatory estradiol have adequately sensitized the uterine tissues. In ovariectomized mice, continuous treatment with progesterone has been found to reduce the amplitude of uterine epithelial cell death following the cessation of estradiol treatment. 133 In cultures of a rat uterine epithelial cell line, the addition of progesterone prevented cell death (characterized by electron microscopy, DNA laddering gel analysis and TUNEL staining) upon serum starvation. 134 In a seemingly conflicting finding, however, progesterone was found to stimulate the synthesis of the lysosomal proteinase cathepsin-D in the uterine epithelial cell layer of ovariectomized mice. 135 In vivo, circulating concentrations of progesterone are maintained at high levels during the implantation period in pregnant mice 136 and rats. 137 Levels of progesterone receptor mRNA and protein expression remain also high in uterine tissues, 112 indicating that if ovarian hormones are involved in the regulation of uterine cell death, they must operate at a more subtil level. One hypothesis that has been recently explored is that, in the presence of invariant levels of ovarian hormones and total progesterone receptor content, decidual regression may be associated with changes in the relative composition of the progesterone receptor isoforms expressed in the reproductive tissues. 138 In the mouse regressing decidua, the inactive receptor isoform-C is the dominant progesterone receptor variant detected in the stroma. 139 Whether a similar change in hormone receptor expression occurs in the epithelial layer surrounding the implantation site is not known.
Although ovarian hormones are the key regulatory elements in the preparation of the reproductive tract for implantation, it is now widely accepted that the co-operation of numerous paracrine and juxtacrine effectors conditions the success of this process. Growth factors and cytokines produced and acting locally are among those crucial mediators. 140 In this context, it is interesting to note that TGF-b1 and/or TGF-b2 have been postulated as capable of inducing cell death in regressing decidual cells. Expression of both TGF-b1 141 and TGF-b2 142, 143 has been detected in the decidual region of the pregnant mouse, mainly in the mesometrial area, before the initiation of decidual involution. Transcription of the TGF-b2 gene has also been found in deciduomata of pseudo-pregnant mice. 143 During decidual regression, detection of TGF-b2 transcripts appears to be restricted to the decidua basalis 144 and the production of a2-macroglobulin, a compound capable of neutralizing the biological activity of TGF-b2, is also limited to the mesometrial region of the decidua. 145 The lethal effect of TGF-b2 has been demonstrated in primary cultures of rat decidualized stromal cells which showed an increase in the incidence of cell death (internucleosomal DNA fragmentation) when exposed to the growth factor. 146 Other experiments suggest that uterine epithelial cells may be another target for the pro-apoptotic activity of TGF-b1. Administration of TGF-b1 into the uterine stroma of estradiol-sustained ovariectomized mice resulted in an increased incidence of cell death in the adjacent epithelial layer (condensation of chromatin and cytoplasm materials, positive TUNEL staining) 147 and addition of TGF-b1 to primary cultures of mouse epithelial cells triggered a similar effect. 122 Interestingly, the interruption of estradiol injection to ovariectomized mice was found to be followed by an increase in the expression level of TGF-b type II receptors in the cells of the uterine epithelium, suggesting that fluctuations in the hormonal environment may sensitize target cells to the influence of TGF-b effectors. 147 Another local agent that may be involved in uterine epithelial and decidual regression is the cytokine TNF-a. Type I receptors for TNF-a are detected at the mRNA level in the uterine epithelium as well as in the distal stroma and their transcription is up-regulated by steroid hormones, Figure 4 Impact of TNF-a on the survival of mouse uterine epithelial cells in vitro. (A) semi-confluence cultures of the uterine epithelial WEG-1 cell line were exposed to 5 ng/ml of mouse recombinant TNF-a and analysed at intervals for the number of trypan blue-negative (viable) cells over a total period of 48 h. Response to the cytokine was compared in culture wells that were pre-coated or not with fibronectin. Results are mean cell number per culture well (n=6 per mean value) and [*] indicates significant difference at P40.05 from the corresponding control value without fibronectin. (B) TUNEL staining was performed on WEG-1 cells following exposure to 5 ng/ml TNF-a for 48 h. Nuclei in which chromatin degradation has occurred due to the TNF-a-induction of apoptosis are colored in dark brown (arrow). Counter-staining was performed with a DNA fluorochrome to count the nuclei of the viable cells (scale bar=7 mm). Compared to control cultures, addition of TNF-a resulted in a 2.8-fold increase in the percentage of TUNEL-positive WEG-1 cells. Thus the decrease in cell viability induced by TNF-a in (A) was correlated with an increased incidence of apoptosis in (B) mainly estrogen, in the ovariectomized mouse. 148 After implantation, these type I TNF-a receptors are found to be expressed in the undecidualized area of the stroma and, to a lesser degree, in the mesometrial region of the decidua in mice. 149 TNF-a is synthesized in the uterine epithelium as well as more diffusely in the adjacent stroma and its expression is up-regulated at both mRNA and protein levels by steroid hormones, mainly progesterone, in the ovariectomized mouse. 150 Shortly after implantation, TNF-a mRNA and protein synthesis is abundant in the primary decidual region in both mice 151 and rats. 29 In the mature decidua, high TNF-a expression is homogenously distributed throughout both anti-mesometrial and mesometrial areas. In accordance with these observations, the uterine content in TNF-a mRNA and protein was found to reach a peak during the period when both the luminal epithelium and the anti-mesometrial area enter into regression. 152 In addition, stimulation of a mouse pseudo-pregnant uterus with an embryo-free deciduogenic signal resulted in a transient decrease in TNF-a content that was interpreted as resulting from the degradation of the TNF-a producing epithelium layer. 153 Although the impact of TNF-a on decidual cell death is not known, there is preliminary evidence that the cytokine induces cell death in mouse uterine epithelial cells (Figure 4) .
Our knowledge of the molecular mechanisms underlying uterine cell death is still poor. In the mature decidua, cell death is apparently preceded by a change in the ratio between pro-apoptotic Bax and anti-apoptotic Bcl-2. In ovariectomized steroid-primed rats subjected to artificial decidualization, Bax mRNA and protein expression levels were found to increase in both intensity and extent as the process of decidualization spreads throughout the subepithelial stroma whereas Bcl-2 mRNA and protein expression levels decreased concomitantly. 154 Declining Bcl-2 protein synthesis is also described in the regressing decidua of pregnant rats. 95 Bcl-2 immunostaining was undetectable in decidual cells surrounding the ectoplacental cone but persisted in the extreme end of the mesometrial area of the rat implantation chamber. Interestingly, the mesometrial region where the decidua basalis persists throughout pregnancy, remains Bax negative during that same period. 154 The expression of cell death-associated genes has been also documented using rat uterine epithelial cell lines. 134 In this in vitro model, serum withdrawal from the culture medium was found to induce a deleterious change in the mRNA ratio between the pro-apoptotic and anti-apoptotic isoforms of Bcl-X. No alteration was found in the expression levels of anti-apoptotic Bcl-2 and pro-apoptotic Bax in these cell cultures. 134 
Conclusion
If the consensus is well established that the survival-ordemise fate of a given cell is determined by the intra-cellular ratio between pro-apoptotic and anti-apoptotic regulators as well as by the integration of extra-cellular death-activating and death-suppressing signals, we must concede that the identity of these determinants and their mode of interaction remain disappointedly vague in the implanting embryo and the receptive uterus. For instance, answers to the questions pertaining to the mechanism underlying the tagging of redundant cells for deletion from the inner cell mass in blastocysts, the nature of the forces in action during the removal of the luminal epithelium around the implantation site or the importance of ovarian steroid hormones and their receptors during decidual regression are not available. Clearly, the interest of these questions in their own right as well as their potential relevance in the search for new approaches in the diagnostic and treatment of reproductive deficiencies make this field worthy of further studies. 
